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STUDIESOF STORE-DROPPINGPROBLEMS

ByCarlA. SandahlandMaximeA. Faget

SWMKRY

Twomethodsarepresentedfordynamicallyscalingstoremodelsfor
wind-tunnelstore-droppingsttiies.Foreachmethodthemodelandproto-
typeMachnumbersareassumedtobe necessarilyequalandtheReynolds
numbereffectsareassmedtobenegligible.TheU@ t-modelmethodgives
exactsimulationofthestoremoW exc~~e v-al dis~lacements
aredeficient.Thisdeficiencyisreducedastheverticalejectionveloc-

. ityis increasedor jtcanbe eliminatedby~c eleratingJhepare- del
upwardattheinste.I&@storesepara~n. Theheayy-modelmethod,in

‘4 whichtheparentmodelisstationary,givesccmpletesimulationof the
storemotionexceptthattheshort-periodlongitudinaloscillationistoo
poorlydamped;thisdefectisofno seriousconsequenceduringthefirst
phaseof a dropbecausethetimeduringwhichthestoreiscritically
closeto thepsxentmodelisgenerallysmallcomparedwiththepericdof
thelongitudinaloscillation.-Theheavy-modelmethodisgenerallyrecom-
mendedforstore-dropp studies;however,it isoftenimpossibleto
makethemodelssufficientlyhea~ andwiththepropermomentof inertia.

,

●

If

ill
at

suchisthecase,thelight-modelmethodisrequired.

A briefdescriptionofthemethodofconductingstore-droppingtests
thepreflightjetof theIangleyPilotlessAircraftResearchStation
WallopsIslsmd,Vs.,isgiven.

Investigatorshave,
niqueinwindtunnelsto

INTRODUCIIK)N

forsometime,beenusingthefree-modeltech-
studythemotionsof storesandmissilesdurti~

andfollowingreleasefroma &rent airplane.Inthismethod,a model~f
allorpartoftheparentairpkneisplacedinthetunneltestsection
andthestoreormissilemodelisdroppedorpropelledintotheairstream.
Theunrestraineddyn viorof.we.s.t.oreormissilemode= ~e
presenceofthe g$Ll!X.rn%%..@Z:,&2B+Peed
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Inmakingtestsintheaforementionedmanner,itisnecessary,of
course,to scalethemodelsh a mannerwhichwilldetermtietherelations
betweenthetranslationalandrotationalmotionsofthemodelandthe
prototype.Thegeneralsubjectof scal,tigaerodynamicmodelsforfree-
flighttestinghasbeenthoroughlydiscussedinreferences1 and2. In
thepresentreport,thescalingrelationshavebeenderivedina manner
whichpermitsan insightintothespecific,problemsoffree-modeldrOP
testinginwindtunnels.Someofthedeficienciesofthetestmethod
arenotedandmethodsbywhichtheinitialconditionsmaybe adJusted
to circumventthesedeficiencieswe presented.M addition,a brief
descriptionofthefree-flightdrop-model&echniqueas employedinthe
preflightjetoftheLangleyPilotlessAircraftResearchStationat
WallopsIsland,Vs.,isgivenintheap~e@ix.

SYMI!OLS

x linearhorizontal’displacment

Cx aerodynamicforcecoefficientinhorizontalplane

7 ratioof specificheats

P staticpressure

M Machnumber

s

L

N

d

referencearea

characteristiclength

numberofcharacteristiclengths

averagemodelweightdensity

accelerationdueto gravity

v volume

,

.

.—

.

—

.—

.—

.

d
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t the

z linearverticaldisplacement

KZ=Q!5%
KV

c~ aeroxic forcecoefficientinverticalplane

t~ timereqyiredtomovea specifiednmnberof characteristic
lengthsinhorizontalplane

e pitchangle

Ce total.aerodynamicmomentcoefficient

KR.:

k radiusof~ation

c%,tx angleofattackcontributedby 5 at t = ~

u streanveloci~

P periodofoscillation

& staticpitching-momentderivative

damposcillation

pressure

da@pingderivative

cLa lift-curveslope

3
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T streamstatictemperature _,:

%x specifiedhorizontalloadfactor

%2 specifiedverticalloadfactor

Subscripts:

o conditionat ~ = O

M model

P prototype

Dotsoverquantitiesindicatederivativeswithrespecttatime.
Thecoordinatesystemisillustratedinfigure1.

MODEL-SCALINGEQUATIONS

.

b

—
— .—

.

General i

Inmakingfree-modeltests,itisnecessaryto scalethemodel
dimensions,weight,andtiertiaina mannerwhichwilldeterminethe
relationsbetweenthetranslationalandtherotationalmotionsofthe-

——

modelandtheprototype.Theprimaryrequir-entisthatthetrajectories
ofthemodelad prototypebe asnesrlygeometricallyshilaraspossible.
Themethodofanalysisconsistsofwritingexpressionsforthetransla-
tionalandrotationalmotionsandfortheperiodanddampingoftheshort-
periodlongitudinaloscillation.Examinationoftheseequationsindicates
thoseparametersrequiredfortheparticularsimulationdesired.Two
basicmethodsof simulationaredescribed;ineach,itisassumedthatthe
modelandprotot~eMachnumbersareequalandthatReywldsnumbereffects
arenegligible.b thefirstmethod,theaerodynamicallyproducedtrans-
lationalaccelerationsvaryinverselywiththecharacteristiclength;this
methodisbestsuitedfordynamicstabilitystudiesandforstore-dropping
studieswherea largeverticalejectionvelocityisused. Ihthesecond
method,theaerodynamicallyproducedaccelerationsareindependentof
charact=isticlength$& as arethegravity-producedaccelerations;‘this “
methodisrequiredforfree-droppingstorestudies.Thefirstandsecond
simulationmethodswillbe calledthelight-modelmethodandtheheavy-

—

modelmethod,respectively,forthepurposesofthepresentreport.

Thepresentmethodofanalysismaya~earmoretediousthanthe
classicaldimensionalanalysisgiven,forexample,inreference3.

m
Both

methodsyieldthesamedimensionalrelationsbetweenthemodelandthe
w
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. prototype.However,thepresentmethd showshowsomeof thedeficiencies
inherentinthemodeltestsmaybe circumventedby adjustingtheinitial
conditions..

Theeqwtions

Light-Model

forlinearmotions

Method

in

Cx~pM2KsL2g
●2 =

dKvd

thehorizontalplaneare

Qx
.—

dL
(1)

(2)

(3)

where ~. isthehorizontalvelocityat t = O and ~ containsthose
quantitieswhichareassumedtobe independentof L. Thequantity

~ istheratioofaerodynamicforcetoweight(loadfactor);if ~

isconstant,theloadfactorand,consequently,% areinverselypropor-
tionalto L.

An expressionforthe
ofcharacteristiclengths
equation(3)with *O = O

time ~ requiredtomovea specifiednumber
NL h thehorizontalplaneisrequired.F&om
and x = N’L,thefollowingistrue:

(4)

Therefore,~ isproportionalto L if ~ isconstant.Substituting
~ (fromeq.(4))for t h equations(2)and (3) showsthat %x and
%x (conditionswhen t = tx) areindependentofandproportionalto L,
respectively.
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Theequations

KZ-P
where ZZ- isthe

Substituting
showsthat ~ and

NACATN 3907

for Linearmotionsintheverticalplaneare

..
z ()%2=1+— dLg

5 ()Kzp=fio+l+~gt

verticalload

(5)

(6)

(7)
,

factor.

(4)) for t inequations(6)and(7)tx (fromeq.
z approachindependenceofandproportionalityto

L,respectively,onlyastheverticalloadfactoror ;O becomeslarge.
Consequently}theverticalandhorizontalmotionsdonotscaleidentical
fortheconditionssofarestablished.Theverticallaunchingvelocity
may,however,be adjustedsothattheratioofverticaltohorizontal
displacementata specifiedvalueof tx willbe eqpalformodeland
prototype.Substituting> (fromeq. (4)) for t ineqpation(7) @
dividingby x =-NT yields

Itisdesired
t = tx asdefined
prototypegives

wheresubscriptM

dL I/ 2d

thatthisratiobe equalformodel
by equation(4).Writingequation

?o,~ =

denotes

(8)

andproto@rpewhen
(8) formodeland

.
-.

.

.

—

.

modelandsubscriptP denotesprototype. 1.

.
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()
Thisvalueof &O~ willmake zzt eqpalformodelandproto-

9

type. K’P xFora typicalcasewhere~ issuchasto givea loadfactor

of20fora -&-scalemodelwithcharacteristiclen~h equalto O.~foot

andN=l,

~o,hl‘~o,P+ /-(.. -@

Someprototypetrajectoriesandmodeltrajectories,adjustedinthe
abovemanner,arecomparedinfigure2. Theagreementis improvedas
;0 isincreased.It shouldbenotedthatadjusting~O,M titheMore-*
mentionedmannerresultsinslightlydifferenttrajectoriesandt5me-
distancehistoriesformodelandproto~e. Consequently,theinter-

. ferencefieldwillaffectthemodelsmdprototypedifferently.This
differenceisbelievedtobenegligibleb mostcases.

Theequationsfortherotationalmotionssre

. . %c~gpl’ff L3g
e
= dKVL31&L2

e
~Pg #

=60t+—2dL2

Therotationalaccelerationsvaryinverselywith
with L aswasthecaseforthelinearaccelerations.

. (fromeq. (4)) for t ine&ation(12)gives

*

z

(lo)

(11)

(12)

L2 ratherthan
Substituting&
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.

Therefore,Eltxisindependentof L
constant.~e samesubstitutioninto
tionthat Leo= Constantgives

Constant5tx= L

providedthat LGo and $ ue
equation(U) alongwiththecondi-

F

‘e ~
+ ~ dKx (14) :

Therefore,%x isinverselyproportionalto L.

Equ&tion(13) establishes that Gtx iS~dependentof L;~erefore~
thecontributionof etx totheangle02attackat t = tx iscorrect. .
However,inmodeltests,~-at t = tx isalwaystoosmallbecausethe
contributiondueto gravityistoosmall,evenwhentheconditionfor

(eq (9)) isimposed.
$n~!eof~ttackat

Consequently,thecontributionof % tothe .

t = tx istoosmall.Theangleofattackdueto *
at t = tx, %,ti$ ‘s
zontalvelocity-ofthe
meansofequations(2)
eq.(4)) for t gives

ap~roximatedby theratioof ~ti to thehori-
modelrelativetotheair. Writtigthisratioby
and (6) withthe‘substitutionof tx (from

—.

Writingequation(15)formodelandprototypeconditions,subtracting,
andinsertingtheconditionfor fiO,M(fromeq.(9)) @ves thefollowtig .
fortheerrorintheangleof attackat t= tx:

(WA - p“.b’)p=%x =
J!E!2A (,,) -r2~p. u- — d .

*

.- -. —
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As an exam@e,usingthesamemodelvaluesasfortheexample
followingeqmtion(9), andsettimgU equalto 2,~ feetpersecond
givesforequation(16)

.J?Ew2-
tx = ~m - ~(2)(32.2)(1)(10)

= -0.0061.radianor -0.35°

Ifthecondition;O,M= ~,p isusedinsteadof equation(9), theerror
willbe justtwiceas large-asthatgivenby equation(16). lh model
testswherethismethodof simulationisemployed,theangleof attack
at t =% isalwaystoosmallbyansm.ountgivenby eqpation(16).
Shouldparticularconditionswarrant,~,M couldbeincreasedby an

. amount equalto %x.

Theperiodoftheshort-periodlongitudinal.
approximatedby

r= (Constant)L ~

Theperiodisproportionalto L providedthat

oscillation,P, iswell

~ isconstant.
P

(17)

Thetimetodamp

tl/2=

theshort-periodoscillationmaybewrittenas

‘[ 0.693
gqs (c@ + CG)($)2

2 1-c~
. (Constsllt);Jim (18)
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Thetimetodampisproportionalta L providedthat $ ~,
.

and T

areconstant.

Theconditionsand
aresummarizedintable

Theconditionthat
tionsforthemodeland

●

resultsfortheforegoinglight-modelsimulation
I.

~ isconstsmtresultsinthefollowingequa-d
prototype. . .

()PM%43
%=wPpp~—— (19)

(20)

.

ModifiedLight-ModelMethod *
As pointedoutearlier,thegravitycomponentoftheverticalaccel-

erationisdeficientinmodeltestsutilizingthelight-modelsimulation.
Onemethodofcircumventingthisp:~blem,istoacceleratetheparent

~ - 1 ~. A photographofa testsetupmodelupwardat-avalueeqyalto
[)

utilizingthisideaisshowninfi&re”3.Theparentmodelismountedso
as tohaveverticalfreedomonly;theaccelerationinthiscaseisproduced
by a combinationofwingliftanda pnematiccylinder.Withthiserrsmge-
ment,thetrajectoryofthestorerelativeto“theparentmodelmaybe ,L

madeto duplicateexactlytheprototypetrajectory.Equations(1)to (4)
and(10)to (20)applywithoutmodification;equations(5)to (9) are
+consequentialbecausethetrajectories_=ecorrectwithoutsiljusting
‘O,M”Themodifiedlight-modelsimulationis summarizedintableI. .

Inthismethod,
tobe independentof

Heavy-McdelMethod

theaerodynamicallyproduced
L. Theequationsoflinear

accelerationssxeforced
horizontalmotionsare

— ..

(21) f

.
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(23)

wherethevalueof K= isthevalueofthehorizontalloadfactorwhich
isheldconstantduringscaling.

FYomequation(21)

/%+.=—
d %

(24)

~ isproportionalto L.b thismethod~ Thesubstitutionfor $

fromequation(24)willnowbemadefortheequationsintheprevious
sectionsof thisreport.

Salvingequation(23) with ~ = O and x = ltLgives

(25)

Fromequations(22)and(23), r~ snd %x areproportionalto L
and L,respectively,providedthat *O = O.

Theequationsforverticallinear

()Kg;=l+’—
dLg=

motionsare

(1+ %Z)g (26)

K
)az
& (27)

z 0 $P+K’=F2=it+ (28)

wherethevalueof I& isthevalueoftheverticalbad factorwhich
isheldconstantduringscaling.
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Comparisonofequations(21)to (23)withequations(26) to (28)
.

showsthattheverticalandhorizontalmotionsscaleidenticallyprovided
that ~=z~=o. Consequently,thetrajectories,normalizedtithrespect .
to L,willbe identical.However,forthecasewhere ~ = O and
ilo~ O, thisisnottrueanditwillbenecessarytoadjust20,M to

()
make E

x tx
equalformodelandprotot~e.substitutingtx (eq.(25))

intoequation(28) anddividingby x = NL gives

Writingthisequationformodelsmdprotot~e,equating,andsolving
for &O,M gives

Jmtheheavy-modelsimulation,*O,M ‘s
inthelight-modelsimulation,thereverseis
heavy-modelsimulationisgiveninfigure4.

Plactigtherestrictionof equation(30)
andsubstitutingtx for t showsthat %tx
and z~ isproportionalto L.

Theequationsforrotationalmotionsare
for ~ fromequation(24)ineqmtions(10),

.

(30)

lessthan 50 p; whereas,
true.An ex&pleofthe

on equations(27)and (28)
iSpr~ortionalto ~

obtainedby substituttig

(11),and (12).

(31)

(32)
.

.
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(33)
KKg2

8 = Got+lut
2%J’

Substituting~ (fromeq.(25))for t gives

.

r
m+=e~x= eo ~ (34)
._#J3Q

Therefore, %x fisindependentof L providedthat Lso isconst=t.

Withthesubstitutionfor t andtheconditienthat J
L60= constant,

equation(32)gives

(35)

Since f3txisindependentof L, itscontributionto ~ is
correct;howeve~fbecause& isproportionalto [L,thecontribution
of’~ to %X istoosmall.Followingthedevelopmentforequa-
tion(15) andusingequations(22),(25),and (2’7)gives

~o + p + %z)q’=
%,tx =

u- K& J“

(36)

Writingfor
(fromeq.(30)),

modelandprototweandincludingconditionfor %x
gtves

%x = (%,tx)~- (%,tx)p

.

ko,M1(-da+(’+‘..)E(F=-d=) (,7,
=

u
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. ●

If ‘he condition‘O,M = ‘O,P isusedinsteadofequation(30),the .

correctionisgivenby equation(37) exceptthat

Substitutingsometypicalvaluesgives

%x ‘

=

F(20)(1- @)+(1+ 0.5) Q&

. ( n$‘O,M1- G’””

($=-@

“

2000-

-0.0452radianor -2.60
..-

Thiserrormaybeappreciable,andwhetheritmaybe desired
toadjusta.~ willdependontheparticulartestingsituation.The

? .—
errorislsrgerfortheheavy-modelsimulationthanforthelight-model
shnulationbecauseitx isapproxhatelyproportionalto rL forthe —

formerandapproximatelyindependentof L forthelatter. .

Theperid P obtainedfromequation(17)by imposingthecondition
of equation(24)is *

P = (constant)@ (38)

Theperiodisproperlyscaled.

Thettietodampobtainedfromequation(18)andequation(24)is
—

..

tl,2 = (Constant)JZ (39)
.

Themodelswill thereforebe toolightlydamped.

Theheavy-modelsimulationissummarizedintable1. Thecondition
P %& givesthat ~ = —

%

.%%
% ~ppdP (40)

(41) ,

.

. . ..— ....-— —— .—
!
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CONCLUDINGREWIARW

Twomethods,thelightmodelandtheheavymodel,havebeenpresented
fordynamicallyscalingstoremodelsforwind-tunnelstore-dropptig
studies.Iheach,it isasswmdthatthemodelandprototypeMachnumbers
arenecessarilyequalandthatReynoldsnumbereffectssrenegligible.
Thelight-modelmethodgivesexactsimulationforallthemotionsexcept
thatthegravitycomponentoftheverticalaccelerationand,consequently,
theverticaldisplacementbetweenthestoremodelandtheparentairplane
modelisdeficient.Theeffectofthisdeficiencyonthetrajectoryis
reducedas theverticalejectionvelocityisincreased.Thisdeficiency
iseliminatedcompletelyby a modificationofthelight-~elmethod,
whereinthepsrentmodelisacceleratedupwardata ratewhichoffsets
thegravitydeficiency.!Ihismodifiedli@t-modelmethodprovidescomplete
simulationofthestoremotionfor~ ejectionvelocity.Eitherofthe
light-modelsimulationmethodswill.simulateaccuratelytheoscillatory
characteristicsofthestore.-Thebasiclight-modelmethodmaybe used
whentheejectionvelocitiesarelarge;themodifiedmethodshouldbe used
whentheejectionvelocityapproacheszero.

Theheavy-modelmethodsimulatesexactlythetrajectoryofthestore
whentheparentmodelisstationa~;theneedforacceleratingtheparent
modelas inthemodifiedlight-modelmethodisobviated.Theheavy-model
methodgivesexactsimulationofallthestoremotionsexceptthatthe
short-periodlongitudinaloscillationistoopoorlydamped;thisdefect
isinconsequentialbecausethetimeduringwhichthestoremodelis
criticallycloseto thepsrent.modelisgenerallysmallcomparedwiththe
periodofthelongitudinaloscillationofthestore.Thus,whensimula-
tionmaybe achievedby theheavy-modelmethod,it isrecommended.Expe-
riencehasshown,however,thatitisoftemimpossibletomakethemodels
sufficientlyheavyamdwiththepropermomentof inertiato satisfythe
heavy-modelmethod,particularlywhensimulatinghighaltitudedropsin .
a sea-levelfacilitysuchastheprefli@tjetoftheLangleyPilotless
AircraftResearchStationatWallopsIsland,Va. Storeconstruction
problemsmay,h fact,dictatethemethodof simulation.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,October3, 1%6.

.
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APPENDIX

TESTMETHODUSED

Test-Facility

Thetestsinthetestunitof

.

INTHEPREFLIGHTJET

C_haxacteristics

thepreflightjetoftheIau?lev
PilotlessAircraftResearchStationatWallop=Isiand,Vs.,are-ma~ein
a freeJetissuingfroma~roximately27-inch-squsrenozzlesat subsotic
Machnumbersup to-approximately0.95andat supersonicMachnuxibers
of 1.4,1.6,1.8,and2.0. ThestaticpressureofthejetisadJusted

—

to equalthestaticpressureoftheambientstillairandistherefore
approximatelyequalto 2,1J_6powdspers:qusxefoot.Thestagnation
temperaturemaybevariedbetween600°and1,0600Rsnkine.

—.

At supersonicspeeds,theregionupstreamofthenozzleexitavail-
ablefortestingiscontainedwithina we.dge--definedasfollows:The -.
baseisthenozzleexit,thesidesareinclinedattheappropriateMach
angle,thevertexedgeisvertical,andtheendssretheflattopand
bottomwallsofthenozzle.(Thenozzleswe two-dimensional.) The .
regiondownstreamofthenozzleexitavailablefortestingisdefinedby
a pyr~idthebase“of~ich iSthenozzleexitandthesidesofwhichare
inclinedattheappropriateMachsingle..(See.fig.~.) Becausethehigh-
speedphotographsaretakenfromtheside.oftheJet.alonga ltieatright
anglestothenozzlecenterline,onlytheregiondownstreamofthe
nozzleexitcanbe usedto observethedynsaiicbehaviorofa model;the
regioninsidethenozzleandupstresm“ofthe--exitmay,however,include
thosepartsoftheparentaircrsftrequiredforpropersimulationofthe
interferenceflowfield.

—

PhotographicMethod

Thehigh-speedphotographsaremadeby continuouslyilluminat~
themodelandexposingthefilmthroughn~rowradialslitsina
rapidlyrotatingdiskplacedinfrontofa camera.Up to 1,000exposures
persecondmsybe taken.Theresultisa seriesofimagesofthemodel
t~en atfixedtimeintervalssuper~osedona single8- by 10-inch
photograph.Thetestsetupisshowninfigure3; a typicaldropphoto-
graphisshowninfigure6. .

.

.
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Origin of axis system at point of store
release; stays with parent model in
modified light-model method.

\ If ‘\\z . -.

Figure1.-Coordinatesystem.
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-4

-6

(z/L)p
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(z/L)M-8

-Ic

-12

-14

-16

Figure2.-
method.
sothat

Lp = 10

1

— Prototype
-- –– Model

~,M= 12.1ft/sec

~o,P=0ft\sec

-,

\
-\.

‘O,M
=42.1 ft/sec

‘o,P =30 f t/see

} 2 4 . 6 8

.-—

.

.

— .

(x/L)p or(x/L)M

(a) Space trajectories.

Comparisonofmodelandprototypetrajectoriesforlight-model
Curvescalculatedassuminguniformflowfield;50,M adj~ted . ‘

(’/x)~=(’/x)~when x/L=l”o; %#@=lo; w/d =5;
feet;~ = 0.5feet. w-
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u,r

‘O,M=42.1fVsec

Prototype
-——— Model

.:8 .1:
(t/L) ~ or(t/L.)M

(b)Timehistories.

Figure2.-Concluded.
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Figure3.- Typical.free-dropsetupinthepreflU@t Jet.
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(a)Space

Ik 6 &

(X/L)p or(x/L)M

trajectories.

Figure4.-Comparisonofmodelandprototypetrajectoriesforheavy-model-. method.Curvescalculatedassuminguniformflowfield;K& =

J%Z= Q.~;Lp= 10feet;~= O.~feet;curvesarecoincident
. valuesof ilospecified.

.

1.0;
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Figure4.-Concluded.
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Figure5.- Regionofpreflightjetavailablefordroptest.
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